Abstract-We present a device based on a tapered Liquid Crystal Photonic Bandgap Fiber that allows active all-in-fiber filtering. The resulting Photonic Bandgap Fiber device provides a Gaussian filter covering the wavelength range 1200-1600nm.
I. INTRODUCTION
Photonic crystal fibers (PCFs) are microstructured waveguides with a large number of air holes running in the length direction of the fiber and usually located in the cladding region. An appropriately designed PCF allows light to be guided by so called modified Total Internal Reflection (m-TIR) or by the Photonic Bandgap (PBG) effect [1, 2] . Optical properties of these fibers may be manipulated by filling the air holes with liquid materials. In [3, 4] a device with tunable transmission properties was demonstrated by filling the air holes with polymers and with a high-index liquid, respectively. In [5] for the first time, it was shown that Liquid Crystal (LC) filled PCFs may form tunable photonic bandgap waveguides. Tunability has been achieved by exploiting both the thermo-optic effect [5] and the electro-optic effect to induce index changes to the LC [6, 7] . In order to manipulate the optical properties of PCFs, a tapering technique may also be used [8] . Here, we present a device based on a tapered PCF with holes infiltrated with LC that allows shaping of the transmission spectrum. A Gaussian filter working in the range 1200-1600 nm is demonstrated, with possible applications in the field of optical coherence tomography (OCT), where the ideal spectrum would have a Gaussian spectral shape [9] , Raman spectroscopy or fluorescence spectroscopy.
II. PRINCIPLE OF OPERATION
The fiber used in the experiment is a 'Large Mode Area' PCF with a solid silica core surrounded by 7 rings of air holes arranged in a triangular lattice, as shown in the inset of figure 1. The hole diameter (d) is 3.3 mm, the inter-hole distance (L) is 7.2 mm and the fiber diameter (D) is 125 mm. This fiber guides light by the principle of m-TIR. The PCF is tapered down to 100 mm and then up again. The total length of the taper is 1.4 cm. This length is filled with a nematic LC (Merck, Darmstadt, Germany, E7) as shown in figure 1. The ordinary and extraordinary refractive indices of this LC are n o = 1.52 and n e = 1.75 respectively, both measured at l=589.3 nm and its alignment is planar, with the director parallel to the fiber axis. The infiltration of the air holes with the LC changes the waveguiding properties of the infiltrated section, since the refractive index of the core is lower than that of the encircling cladding. The m-TIR based guidance is not possible and the section in which the LC is infiltrated can support only a number of guided wavelength bands due to the anti-resonant reflection (bandgaps) from the LC filled holes. In the isotropic case, a simple cut-off model [10] can be used to determine the wavelengths at which there are transmission minima: figure 2 shows the bandgaps for an untapered PCF filled with LC. If the section that will be filled with LC is tapered before infiltrating the LC into the holes, then it is possible to further shape the transmission spectrum. In fact, the structure is scaled down along the taper and, therefore, the bandgaps move toward shorter wavelengths along the down taper length, going back to the previous position along the up taper length. Formula (1), in which the value of n 2 and n 1 are taken at 1300nm, gives an estimated shift of 200nm toward shorter wavelengths, when the fiber is tapered down at 100mm. Only those wavelengths, which are in the bandgaps of both the untapered fiber and the tapered fiber, are guided through the taper. As shown in figure 2 , the bandgap in the range 1300-1750nm is expected to change its wavelength range and its shape. Its peak should shift about 100nm with respect to the central wavelength of the bandgap of the untapered section. A small residual of the bandgap in the range 900-1130nm is also expected from the theory, while the other bandgaps are not expected to be seen after the taper, since they are narrow and they should be removed by the taper. 
III. RESULTS AND DISCUSSIONS
White light has been coupled to one end of the tapered LCPCF and the transmission spectrum has been measured by collecting the light in an optical spectrum analyzer. Figure 3 shows the resulting transmission spectrum in the range 700-1700 nm. The peak of the Gaussian-like spectrum is at 1400nm, shifted about 100nm with respect to the central wavelength of the bandgap of the untapered fiber, as expected. The other bandgaps are completely removed by the taper, except the remains of the bandgap in the range 900-1130nm, as expected by the theory. This residual bandgap can be observed in Figure 3 at 910 nm. The Gaussian filter bandwidth is 180 nm. The filter can be made narrower by using a smaller taper waist in order to produce a larger shift of the bandgaps. 
IV. CONCLUSION
A Gaussian filter in the range 1200-1600nm has been fabricated by using a tapered PCF filled with LC. Tunability of the filter can be achieved by changing the temperature and this will be done in future investigations. The possibility of shaping the spectrum and of actively tuning it opens up the potential of using this kind of filter in applications in which all-in fiber active filtering is required. Gaussian filters can be used in the field of optical coherence tomography, while narrow filters can be used, for example, in Raman spectroscopy or fluorescence spectroscopy.
